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Abstract 

In this work, we investigate the sensitivity of the process p + p^q + q^j+j + 'j + 'y at 
LHC for the photonic 3- and 4- point functions that appear in non-commutative QED. We show 
that this process serves to study the behavior of the space-space as weh as of the space-time non- 
commutativity. We also show that this process can probe the non-commutative scale A in the 
range of few TeVs. 
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I. INTRODUCTION 



The central idea behind non-commutative space-time (NCST) is that there must be a 
regime of energy where space-time loses its condition of continuum and passes to obey the 
relation = jl|, where C^^ is a real antisymmetric constant matrix. In other 

words, there must be a very microscopic region of space-time, or very high energy, where 
our common understanding of space-time is not applicable anymore. 

When people began to develop such idea, the scale of energyA where non-commutativity 
was expected to manifest was around the Planck scale Mpi 0, 1^. This scale of energy is 



quite out of the present phenomenological reach. However, inspired by this recent idea of 

n 

extra dimensions 4], which suggest the fundamental Planck scale can be around few TeVs, 
people brought A down to TeV scale . This leaves the idea of NCST phenomenologically 
attainable. In this regard, it turn out to be interesting reformulate the phenomenological 
models in the basis of the NCST. 

Unfortunately, the implementation of NCST is still a challenge for model building and 
presently the only consensual phenomenological model is non-commutative QED (NC- 
ED) 3, y, 0, The phenomenology of NCQED has been intensively investigated 
[ y Q;lq]- What has particularly called the people attention in NCQED is the photonic 
3- and 4- point functions. The processes where such couplings appears are the Compton 
scattering, pair annihilation process, e^e~ 77, and the 77 77. 

However, none process involving quarks was investigate yet. The reason is that in NC- 
QED, the covariant derivatives can only be constructed for fermionic fields of charges and 
±1. Therefore, the non-commutative photon-quark-quark interaction cannot be described 
by the model. In order to solve this problem, people began to implement the NCST effects 
into the Standard Model of particles. Two proposals for Non-commutative Standard Model 
(NCSM) can be found in the literature, one is based on the f4(3) x 11^,(2) x f4(l) gauge 
group 9] while the other is based on the standard gauge group SU{?>)c x SU(2)l x f/(l)y, 
making u=a of the Seiberg-Witten n,ap= 0. Some phenomenology of the.e mode, are found 
in Refs. However, no agreement has been reached yet regarding a phenomenological 

NCSM. 

Therefore, our main goal in this work is to study the potential of the LHC to only probe 
NCQED, particularly the photonic 3- and 4- point functions 777 and 7777, through the 
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process p + p— + >j+j+7 + 7. In order to do so, the only assumption we took is 
that possible non-commutative quark-quark-photon interaction generates negligible effects, 
allowing us to consider only the the standard model quark-quark-photon interaction and 
NCQED in our analysis. 

This work is organized as follow. In Sec. (jTU) we present the photonic 3- and 4- point func- 
tions in NCQED. After in Sec. pil|) we discuss the NCQED signal and the SM background. 
In Sec. flIV|) . we finish with our conclusions. 



II. PHOTONIC 3- AND 4- POINT FUNCTIONS IN NCQED 

One manner of settling non-commutative coordinates in the context of field theory is 
through the Moyal product, or the * product, whose expansion is 

A{x) * B{x) = [e(*/2)e^.9cM9..^(^ + qb{x + r/)]^=^=o- (1) 

With this product, we procedure in the following way. We first formulate the Lagrangian in 
terms of -k product and then change the * product by the expansion in in order to leave 
the Lagrangian in terms of ordinary product. 

In gauge theories first thing to do is to express the gauge transformation in terms of -k 
products 

Af,^U^A^^U-^ + ^U^d^U^\ (2) 

In the particular case of NCQED, where U{x) = exp-k {iga{x)), we have 

+ d^a - ig{Af,-ka - a-k Af,). (3) 

In order to the action of the NCQED preserves the gauge invariance, the tensor F*^^ must 
present the form 

f;^ = d^A^ - dyA^ - ig[A^, A^]^ = F^^ - ig{A^ ^A^-A^^ A^). (4) 
With these expansions, the photonic part of the NCQED presents the following Lagrangian 
C = —F^'F^, - 2esin(^i^)(9^A, - d^A^^A^ 

-4e sm (^^)^ , (5) 
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where piCp2 = PiP2C^u and with F^^, = d^Ay — d^A^ being the standard electromagnetic 
tensor. The Feynman rules for the vertices 777 and 7777 are given by P], 

,PiCp2. 



lfi{Plhu{P2hp{P3) 
7f^{Plh,y{P2hp{P3ha{p4) 



2^sin( 



■)[{pi - P2rg''' + {P2 - PsTg^' + {P3 - PiYg""] 



g^^g ) sm ( —rrrr- ) sm ( 



2A2 



2A2 



g^ g^ ) sin( ^ttt;— ) sin( 



2A2 ' ^ 2A2 
g'^ g^[) sin( —r-rrr- ) sm 



(6) 



2A2 ' ^ 2A2 

where all the momenta are out-going. 

The parametrization suggested by Hewett-Petriello-Rizzo jsl for the antisymmetric matrix 
C is 

/ sin a cos (3 sin a sin [3 cos a \ 

— sin a cos [3 cos 7 — sin 7 sin [3 

— sin asm (3 — cos 7 — sin 7 cos (3 
cos a sin 7 sin [3 sin 7 cos /? 



p,ii 



\ 



(7) 



where the three angles used to parametrize C^j^ are related with the direction of the back- 
ground E and B-fields. In this parametrization, the angle (3 define the origin of the (f) 
axis [5]. The common procedure here is to fix cf) by settling (3 = 7t/2. Therefore, the an- 
tisymmetric matrix get parametrized by two angles: the angle a related to the space-time 
non-commutativity, and the angle 7 related to the space-space non-commutativity. 

In order to test the NCQED vertexes given by equations we perform a detailed 
analysis of the production via weak boson fusion(WBF) of photon pairs accompanied by 
jets, i.e., 

p + p^q + q^j+j + 'y + 'y. (8) 

Beyond the expected SM Feynman diagrams, reaction (jHJ receives contributions from NC- 
QED photonic 3- and 4- point functions, shown in Fig. ^ 

The advantage of WBF, where the scattered final-state quarks receive significant trans- 
verse momentum and are observed in the detector as far- forward/backward jets, is the strong 
reduction of QCD backgrounds due to the kinematical configuration of the colored part of 
the event. 
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FIG. 1: NCQED photonic 3- and 4- point functions contributions for the reaction Q. 
III. SIGNALS AND BACKGROUNDS 

In this section we study the reaction (jSJ at the LHC We evaluated numerically the 
helicity amplitudes of all the SM subprocesses leading to the jj77 final state where j can be 
either a gluon, a quark or an ant i- quark in our partonic Monte Carlo. The SM amplitudes 
were generated using Madgraph in the framework of Helas routines. The NCQED 
interactions arising from the Lagrangian (0) were implemented as subroutines and were 
included accordingly. We consistently took into account the effect of all interferences between 
the NCQED and the SM amplitudes, and considered a center-of-mass energy of 14 TeV and 
an integrated luminosity of 100 fb~^ for LHC. 

The process dH} receives contributions from the NCQED 777 and 7777 vertices. In 
order to reduce the enormous QCD background we must exploit the characteristics of the 
WBF reactions. The main feature of WBF processes is a pair of very far forward/backward 
tagging jets with significant transverse momentum and large invariant mass between them. 
Therefore, we required that the jets should comply with ^ 

^ Another advantage of the choice of cuts (O is the foUowing: if we assume that possible non-commutative 
quark-quark-photon interactions have an exponential dependence involving the real antisymmetric matrix 
C^i/, like the NCQED lepton-lepton-photon interaction given by 7^/(pi)/(p2) : 137^ exp(^^^^), then 
the effects of these non-commutative quark-quark-photon interactions are negligible because the set of 
cuts (inj makes exp( '^''""'^^j'''""'"'' ) 1 , allowing us to consider only SM quark-quark-photon interactions 
in our analysis. 
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> 40 (20) GeV , \Vj,,J<5.0, 

\Vh - Vh\ > 4-4 , Vh ■ Vj2 < and (9) 
ARjj > 0.7 . 

Furthermore, the photons are central, typically being between the tagging jets. So, we 
require that the photons satisfy 

E^^'''^ > 25 GeV , \7]^^^ J<2.5, 

mm{r]j^,r]j^} + 0.7 < r/^^^ < maxjr^j, , t]^- J - 0.7 , (10) 
ARj^ > 0.7 and AR^^ > 0.4 . 

Several kinematic distributions were evaluated in order to reduce the SM background 
with minimum impact over the NCQED signal. Better results were observed in three dis- 
tributions: the azimuthal angle distribution of the most energetic final photon ($71), the 
azimuthal angle distribution of the least energetic final photon ($72)? and the invariant mass 
distribution of the 77 pair (m^^.), presented in Fig. |2l It is interesting to notice that the 
presence of an NCQED signal changes the behavior of the azimuthal angle distribution of 
a final photon, while other known examples of new physics can not produce similar effect. 
However, an impressive reduction of the SM background with small effect over the NCQED 
signal can be achieved by a cut in the invariant mass distribution of the 77 pairs. As il- 
lustrated in Fig. 121 the invariant mass distribution for the SM background contribution is a 
decreasing function of the 77 invariant mass while the NCQED contribution first increases 
with the 77 invariant mass reaching its maximum value at m-y^, ~ 850 GeV and then de- 
creases. Consequently, in order to enhance the WBF signal for the NCQED 777 and 7777 
couplings we imposed the following additional cut in the diphoton invariant mass spectrum 

400 GeV < m^^ < 2500 GeV. (11) 

The results presented in Fig. |2] were obtained using \/§ as the factorization scale in the 
parton distribution functions, and the renormalization scale (fiR) used in the evaluation of 
the QCD coupling constant [as{fiR)] was defined such that a'^lfia) = Q;s(p^^)as(p:^^), where 
pl^ and p^j^ are the transverse momentum of the tagging jets. 
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FIG. 2: Azimuthal angle distribution of the most energetic final photon ($71), azimuthal angle 
distribution of the least energetic final photon ($72)) and invariant mass distribution of the 77 
pair (m-Y7) for the reaction pp — 77jj. The full line represents the SM distribution. The NCQED 
contribution was obtained for A = 250 GeV, and the angles a, (3 and 7 equal to 7r/2. The dashed 
(dotted) line represents the space-space (space-time) non-commutativity case, discussed in the 
text. 

The evaluation of the SM background (crgm) deserves some special care since it has a 
large contribution from QCD subprocesses whose size depends on the choice of the renor- 
malization scale used in the evaluation of the QCD coupling constant, ots{nR}-i as well as 
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TABLE I: Results for 

(Jsm for process Eq. (jH)); see text for details. All results include the effect of 
the cuts in Eq. Q, (fTn|l and (fTT|) as well as photon detection and jet-tagging efficiencies. 

on the factorization scale ^f used for the parton distribution functions. To estimate the 
uncertainty associated with these choices, we have reproduced the procedure used in Ref. 
[l^ . computing dsm for two sets of renormahzation scales, which we label as /i_Ri,2(05 
for several values of fiF- is defined such that as(/^-Ri(0) = Q^s(^Pt )'^s(^Pt ) where 

and pi^ are the transverse momentum of the tagging jets and ^ is a free parameter varied 
between 0.1 and 10. The second choice of renormalization scale set is /i_R2(0 — with 
^/I being the subprocess center-of-mass energy. 

For now on our results will be presented assuming a 85% detection efficiency of isolated 
photons and jet-tagging. With this the efficiency for reconstructing the final state j +j +7+7 
is (0.85)^ ~ 52% which is included in our results . In Table H] we list asm for the two sets 
of renormalization scales and for three values of the factorization scale ^f = "\/5/10, 
and p^in where p^j^ = min(py As shown in this table, we find that the predicted 

SM background can change by a factor of ~ 8 depending on the choice of the QCD scales. 
These results indicate that to obtain meaningful information about the presence of NCQED 
777 and 7777 couplings one cannot rely on the theoretical evaluation of the background. 
Instead one should attempt to extract the value of the SM background from data in a region 
of phase space where no signal is expected and then extrapolate to the signal region. 

In looking for the optimum region of phase space to perform this extrapolation, one must 
search for kinematic distributions for which (i) the shape of the distribution is as independent 
as possible of the choice of QCD parameters. Furthermore, since the electroweak and QCD 
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contributions to the SM backgrounds are of the same order, ^ this requires that (ii) the shape 

of both electroweak and QCD contributions are similar. Several kinematic distributions 

verify condition (i), for exarnple, the azimuthal angle separation of the two tagging jets 

which was proposed in Ref. 15[ to reduce the perturbative QCD uncertainties of the SM 

background estimation for invisible Higgs searches at LHC. However, the totally different 

shape of the electroweak background in the present case, renders this distribution useless. 

We found that the best sensitivity is obtained by using the 77 invariant mass. As can 

be seen in Fig. the shape of the SM distribution is quite independent of the choice of the 

QCD parameters. As a consequence most of the QCD uncertainties cancel out in the ratio 

(t(400 GeV < m^^ < 2500 GeV ) 
~ ct(100 GeV < m^^ < 400 GeV ) ' 

This fact is illustrated in Fig.Elwhere we plot the value of the ratio R{C) for different values of 
the renormalization and factorization scales. The ratio R is almost invariant under changes 
of the renormalization scale, showing a maximum variation of the order of ±6% for a fixed 
value of the factorization scale. On the other hand, the uncertainty on the factorization 
scale leads to a maximum variation of 12% in the background estimation. We have also 
verified that different choices for the structure functions do not affect these results. 

Thus the strategy here proposed is simple: the experiments should measure the number of 
events in the 77 invariant mass window 100 < m^^ < 400 GeV and extrapolate the results 
for higher invariant masses using perturbative QCD. According to the results described 
above we can conservatively assign a maximum "QCD" uncertainty (QCD^J^^) of ± 15% to 
this extrapolation. 

In order to estimate the attainable sensitivity to NCQED we assume that the observed 
number of events is compatible with the expectations for = 1) and fip = a/J, so 

the observed number of events in the signal region coincides with the estimated number of 
background events obtained from the extrapolation of the observed number of events in the 
region where no signal is expected; for this choice the number of expected background events 
is = o'sm'^ whcrc C stands for the integrated luminosity. For an integrated luminosity of 
100 fb~^ for LHC, this corresponds to A^back = 143. Moreover, we have added in quadrature 
the statistical error and the QCD uncertainty associated with the backgrounds. Therefore, 



^ The electroweak contribution to the total SM background is approximately 25% for fJ.Ri{£, — 1) and 
= VI. 
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FIG. 3: Ratio R{C) defined in Eq. ((T^ for the process pp — > 77jj at LHC. 



the 95% CL. hmits on A can be obtained from the condition 



iVNCQED = C X (TnCQED < 1.95VA/'sm+ {N^m X QCD^^^J^ 



(13) 



where A'ncqed (cncqed) is the maximum number of events (cross section) deviation due to 
the NCQED contribution, so Ai'obsorved = N^m ± -^ncqed- Once we have C = lOOfb^^ and 
-^back = 143, equation (fTSj) turns out to be 



(TNCQED (fb) < 0.0195 X v/143 + (143 x QCD^^J^ 



(14) 



For the sake of completeness we show the results on the expected sensitivity using purely 
statistical errors and for two values of QCDy^c: our most conservative estimate [15 %], 
and a possible reduced uncertainty (7.5 %), which could be attainable provided NLO QCD 
calculations are available. Therefore the NCQED deviation should not be greater than the 
values presented in Table ITTl 

Once we have fixed by settling /? = 7r/2 in equation ((7j), the antisymmetric matrix get 
parametrized by two angles: the angle a related to the space-time non-commutativity, and 
the angle 7 related to the space-space non-commutativity. Therefore, in order to perform 
our analysis we consider two cases: 
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TABLE II: 95% C.L. maximum cross section and number of events deviation due to the NCQED 
contribution. 
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FIG. 4: Cross section results including the effect of the cuts in Eq. Q, (|lfl|) and (|11|) as well as 
photon detection and jet-tagging efficiencies. The solid line is the cross section including space- 
space NCQED effects, the dashed line is the SM cross section, and the upper (medium) [lower] 
dotted line represents the 95% C.L. upper limit for an QCD uncertainty of 15% (7.5%) [0]. 

• (i) the space-space non-commutativity, where the elements Coi (i = 1, 2, 3) in equation 
^ are assumed to be 0, and the angle 7 are assumed to be either 0, 7r/4 or tt/2; 

• (ii) the space-time non-commutativity, where the elements Cij = 1,2,3) in equa- 
tion ((Zj) are assumed to be 0, and the angle a are assumed to be either 0, 7r/4 or 
7r/2. 

In order to determine which case of NCQED is being observed, one can use the az- 
imuthal angle distribution of a final photon. As illustrated in Fig. |2l the azimuthal angle 
distribution of either the most or the least energetic final photon for the SM background 
contribution is a flat function in the range |<1>^| < |, while for the space-time (space-space) 
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non-commutativity signal contribution, the distribution is increased for |$^| f (0). ^ 

The evaluation of the cross section of the reaction (jH)), including the effect of the cuts in 
Eq. 0, (fTn|l and (fTTjl as well as photon detection and jet-tagging efficiencies, is now done 
including the effect of the diagrams in Fig. (0), for the cases (i) and (ii) described above. 

The results for the space-space non-commutativity, case (i), are presented in Fig. (j^, 
for 7 = n/A, and 7r/2. No limits on A could be obtained for 7 = 0. Our analysis shows a 
better sensitivity for the angle 7 = 7r/2, allowing us to impose a lower limit on the NCQED 
scale of A > 990 GeV if the QCD uncertainty discussed above is not considered. The limit 
changes to A > 930 (960) GeV for a QCD uncertainty of 15% (7.5%). For 7 = 7r/4, the 
lower limit on the NCQED scale is A > 780 (850) [900] GeV for a QCD uncertainty of 15% 
(7.5%) [0%]. 

On the other hand, the results for the space-time non-commutativity, case (ii), are pre- 
sented in Fig. (0), for a = 0, 7r/4, and n/2, respectively. Our analysis shows a better 
sensitivity for the angle a = 0, allowing us to impose a lower limit on the NCQED scale of 
A > 1320 GeV if the QCD uncertainty discussed above is not considered. The limit changes 
to A > 1290 (1230) GeV for a QCD uncertainty of 15% (7.5%). For a = 7r/4, the lower 
limit on the NCQED scale is A > 1130 (1190) [1230] GeV for a QCD uncertainty of 15% 
(7.5%) [0%] and for a = 0, the lower limit on the NCQED scale is A > 920 (960) [990] GeV 
for a QCD uncertainty of 15% (7.5%) [0%]. 

IV. CONCLUSIONS 

In this work we investigated the potential for LHC to probe the photonic 3- and 4- point 
functions that appears in NCQED through the analysis of the process (jH))- Even though we 
assumed that the quark-quark-photon interactions make part of the SM background due to 
our choice of kinematical cuts, this process is sensitive for space-space as well as for space- 
time non-commutativity. Our main results are presented in Fig. 0] and Fig. El where the 
space-space and space-time NCQED effects are observed. 

For the space-space non-commutativity, our study shows a better sensitivity for the angle 
7 = tt/2, allowing us to impose a lower limit on the NCQED scale A in the range 930 GeV 

^ We have checked that this angular behavior is preserved for A ~ 1 TeV after the inclusion of the cut Ullfl 
in our evaluations. 
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FIG. 5: Cross section results including the effect of the cuts in Eq. ®, (|1U|) and as well as 
photon detection and jet-tagging efficiencies. The solid line is the cross section including space-time 
NCQED effects, the dashed line is the SM cross section, and the upper (medium) [lower] dotted 
line represents the 95% C.L. upper limit for an QCD uncertainty of 15% (7.5%) [0]. 

< A < 990 GeV, depending on the perturbative QCD uncertainties considered. Regarding 
the space-time non-commutativity, the process is more sensitive for the angle a = 0, where 
a lower limit on the NCQED scale A in the range 1230 GeV < A < 1320 GeV, depending 
on the perturbative QCD uncertainties considered, could be imposed. 

Therefore, this work shows that LHC may be a good place to test NCQED via the study of 
the process (jH)). We have shown that LHC is able to probe both space-space and space-time 
non-commutativity. A better sensitivity is expected for the space-time non-commutativity, 
where the NCQED scale A can be tested up to A ~ 1.25 TeV. 
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